Introduction-scanning properties and analytic methodology of the 5-HT 2A receptor-selective positron emission tomography (PET) tracer 11 C-MDL100907 have been partially characterised in previous reports. We present an extended characterisation in healthy human subjects.
INTRODUCTION
11 C-MDL100907 (also known as 11 C-M100907) is the most selective of the positron emission tomography (PET) radiotracers available to quantify 5-HT 2A receptors in the living brain. It is a competitive antagonist with subnanomolar affinity for the 5-HT 2A receptor in vivo (K D 0.1 nM; this report), with at least 300-fold lower affinity for 5-HT 2C , 5-HT 6 , 5-HT 7 and adrenergic α 1 receptors, and negligible affinity for 5-HT 1A , dopamine D 1-5 , α 2 , muscarinic and benzodiazepine receptors in vitro Kehne et al., 1996; Palfreyman et al., 1993; Sorensen et al., 1993) . However, since initial evaluations as a PET tracer in non-human primates were reported (Lundkvist et al., 1996; Mathis et al., 1996) , there have been relatively few publications of its use in humans (Bhagwagar et al., 2006; Franceschi et al., 2005; Hinz et al., 2007; Ito et al., 1998; Meyer et al., 2010; Perani et al., 2008; Rosell et al., 2010; Talvik-Lotfi et al., 2000) . Characteristics in plasma and optimum kinetic model using metabolite-corrected arterial input function have been established, along with increasing but still qualified support for the use of the cerebellum as reference region (Hinz et al., 2007; Ito et al., 1998) . However, definitive evidence for lack of displaceable binding in the cerebellum has remained to be established. Moreover, there have been no publications of test-retest variability and reliability of outcome measures, the scan duration necessary to establish stable outcome measures, the relationship between injected mass of tracer and 5-HT 2A receptor occupancy (necessary to ensure tracer occupancy conditions), and its vulnerability to competition with endogenous 5-HT in humans. In addition, although negative correlations between age and binding potential in cortical regions have been reported for 11 C-MDL100907 (Bhagwagar et al., 2006; Rosell et al., 2010) , the sensitivity of the tracer to quantify age-related reductions in 5-HT 2A receptor availability remains to be established.
Here, we report the results of an extensive characterisation of 11 C-MDL100907 as a PET tracer in healthy adult human subjects, including the outstanding issues above. Plasma analysis, regional brain uptake, derivation of outcome measures, optimum kinetic modelling strategy, and a limited comparison with a non-invasive reference tissue method are also reported with the aim of comparing with and validating previous reports. To the best of our knowledge, this is largest report of human 11 C-MDL100907 PET scans to date, and presents the most extensive characterisation.
Previous preliminary and partial presentations in abstract have been made of data on plasma, test-retest characteristics, time stability and optimum kinetic modelling strategy (Mawlawi et al., 2001 ) and susceptibility of the tracer to competition with endogenous 5-HT (Talbot et al., 2004) .
MATERIALS AND METHODS

Human subjects
We report on 64 PET scans using 11 C-MDL100907 in 39 healthy subjects. Twenty six (26) of the healthy subjects were recruited to studies specifically designed to characterize PET with 11 C-MDL100907: i) plasma analysis; model order estimation; variability, reliability and stability of outcome measures (n=12); ii) cerebellum as reference region (n=4); and iii) effects of reduced endogenous 5-HT (n=10). Additional data from a further 13 healthy subjects, recruited in a number of clinical protocols investigating 5-HT 2A receptor availability, were selected from our database and added to provide a larger pool with which to investigate the mass-occupancy relationship for 11 C-MDL100907 (data from 17 healthy subjects used) and effects of age on outcome measures (data from 25 healthy subjects used). Further details are included in the individual sections below.
For all subjects, the absence of pregnancy, medical, neurological, and psychiatric history (including alcohol and drug abuse) were assessed by history, Structured Clinical Interview for DSM-IV Axis I Disorders, Non-patient Edition (First et al., 1996) , review of systems, physical examination, routine blood tests including pregnancy test, urine toxicology, and EKG. All studies were approved by the Institutional Review Boards of the New York State Psychiatric Institute and the Columbia Presbyterian Medical Center. All subjects provided written informed consent after receiving an explanation of the relevant study.
2.1.1. Plasma, test-retest characteristics, time stability and optimum modelling strategy-To provide data for analyses of plasma parameters, test-retest characteristics, stability and optimum modelling strategy for 11 C-MDL100907 outcome measures, 12 consecutively recruited healthy subjects were scanned twice on the same day (24 scans). Data for 3 of the subjects were excluded from analysis due to camera malfunction (n = 1) and excessive head movement (n = 2) in one of their scan pairs. Thus, analyses were based on 18 scans in 9 healthy subjects (5M, 4F; mean ± SD age: 30 ± 7 yr, range 19-40 yr). Each scan was 150 min duration, with a 60 min gap between the end of the first and the start of the second scan.
Validation of cerebellum as region of reference-
The suitability of the cerebellum as region of reference (ROR) was investigated by scanning with 11 C-MDL100907 (scan duration 90 min) twice on the same day: before, and 3 hr after, oral administration of a medication with 5-HT 2A receptor antagonist properties. Seven (7) scans were performed in 4 consecutively recruited healthy subjects. Three (3) of the subjects (2M, 1F; 35 ± 9 yr, range 28-44 yr) completed the protocol, receiving ciproheptadine 8 mg (n = 1) or risperidone 4 mg (n = 2). The remaining subject withdrew from the study after the baseline scan. After their post-medication scan, the 3 subjects who received medication were observed overnight in a clinical research facility as a precaution against adverse effects. (10) consecutively recruited healthy subjects (7M, 3F; 29 ± 6 yr, range 19-38 yr) were scanned (duration 90 min) twice with 11 C-MDL100907 on separate days: during acutely reduced endogenous 5-HT, and a control condition. All subjects completed the protocol (20 scans). For this study, additional exclusion criteria included a history of affective disorder or schizophrenia in a first degree relative; current evidence of depressed mood as indicated by a score of 14 or greater on the Beck Depression Inventory (BDI) (Beck et al., 1961) ; and hormonal contraception. Other criteria, details of screening, and the results of 11 C-DASB scans also performed on 8 of the subjects as part of the same protocol are as previously described (Talbot et al., 2005) .
Acute reduction of endogenous 5-HT by rapid tryptophan depletion (RTD)-Ten
Radiochemistry
3-O-Desmethyl-MDL100907 was prepared according to literature procedure (Huang et al., 1999) . 11 C-MDL100907 was prepared by reacting 3-O-desmethyl-MDL100907 (0.7 mg in 0.5 mL of acetone and 5 µL of 5 M aqueous sodium hydroxide) with 11 C-methyl triflate at 70°C for 5 min. The crude product was purified by HPLC (Prodigy ODS-Prep, 10 m, 10 × 250 mm, eluted with a solvent mixture of 25% acetonitrile and 75% 0.1 M ammonium formate with 0.5% acetic acid, pH 4.2, flow rate 10 mL/min). The tracer fraction was diluted with 100 mL of water and passed through a C-18 Sep-Pak. After eluting the Sep-Pak with water, the tracer was recovered from the Sep-Pak using 1 mL of 200 proof ethanol. The ethanol solution was mixed with 9 mL of sterile saline and filtered through a sterile membrane filter into a sterile vial. The synthesis time was about 45 min and the averaged specific activity of 11 C-MDL100907 was about 55.5 GBq/µmol (1500 mCi/µmol) at EOS.
PET protocol
An arterial catheter was inserted into the radial artery after completion of the Allen test and infiltration of the skin with 1% lidocaine. A venous catheter was inserted into a forearm vein on the opposite side. Head movement was minimized with a polyurethane head immobilization system (Soule Medical) (Mawlawi et al., 1999) . PET was performed with the ECAT EXACT HR+ (Siemens/CTI). Following a 10 min transmission scan, 11 C-MDL100907 was injected intravenously over 30 s by infusion pump. Depending on the protocol, scan duration was either 150 min (24 frames of increasing duration: 3 × 20 s, 3 × 1 min, 3 × 2 min, 2 × 5 min, 13 × 10 min) or 90 min (18 frames: 3 × 20 s, 3 × 1 min, 3 × 2 min, 2 × 5 min, 7 × 10 min).
Input function measurement
After radiotracer injection, arterial samples were collected every 10 s with an automated sampling system for the first 2 min and manually thereafter at longer intervals. A total of either 35 (for the 150 min scans) or 29 (90 min scans) samples were obtained per scan. Samples were processed as previously described (Abi-Dargham et al., 2002) . Five selected samples (collected at 2, 16, 30, 50, and 70 min) were further processed to measure the fraction of plasma activity representing unmetabolized parent compound, as previously described (Abi-Dargham et al., 2000) . A biexponential function was fitted to the 5 measured unmetabolized fractions and used to interpolate values between and after the measurements. The smallest exponential of the unmetabolized fraction curve, λ par , was constrained to the difference between λ cer , the terminal rate of washout of cerebellar activity, and λ tot , the smallest elimination rate constant of the total plasma activity (Abi-Dargham et al., 1999) . The input function, the initial distribution volume (V bol , L), and the clearance of the parent compound (C L , L/hr) were calculated following published methodology (Abi-Dargham et al., 1994) . The plasma free fraction (f p ) was determined as previously described (Gandelman et al., 1994; Talbot et al., 2005) .
MRI acquisition and segmentation procedures
T1-weighted anatomical MR images for region drawing and coregistration were acquired and segmentation was performed following previously published methods (Abi-Dargham et al., 2000; Talbot et al., 2005) .
Image analysis
Images were reconstructed to a 128 × 128 × 63 matrix (voxel size of 1.7 × 1.7 × 2.4 mm) with attenuation correction using the transmission data and a Shepp 0.5 filter (cutoff 0.5 cycles/projection ray). Reconstructed image files were then processed in the image analysis software MEDx (Sensor Systems, Inc.). Following initial investigations demonstrating the benefits of correction of the regional time-activity curves for small between-frame head movements (unpublished data), later frames (13 through last frame) were routinely realigned to a prior reference frame (frame 12) using Automated Image Registration (AIR) (Woods et al., 1998a; Woods et al., 1998b) . All frames were then summed to one data set, which was coregistered to the MRI using AIR. The spatial transformation derived from the summed PET registration procedure was then applied to each individual frame. Regions of interest (ROIs) and region of reference (cerebellum; CER) boundaries were drawn on the MRI according to criteria derived from brain atlases and published reports (see Talbot et al., 2005 for original references). A segmentation-based method was used for neocortical regions, and a direct identification method was used for subcortical regions (Abi-Dargham et al., 2002) . For bilateral regions, right and left regions were averaged. Data were corrected for blood activity contribution assuming a 5% blood volume fraction (Mintun et al., 1984) .
Following initial evaluation, ROIs with negligible or low 5-HT 2A specific binding or poor test-retest characteristics were excluded. Therefore, and to anticipate the results, further analysis was restricted to: anterior cingulate cortex, ACC; medial prefrontal cortex, MPFC; temporal cortex, TEM; occipital cortex, OCC; dorsolateral prefrontal cortex, DLPFC; orbitofrontal cortex, OFC; parietal cortex, PAR; insular cortex, INS; entorhinal cortex, ENT; parahippocampal gyrus, PHG; and medial temporal lobe, MTL (a spatially weighted average of 5 limbic structures: uncus, amygdala, ENT, PHG and hippocampus).
Derivation of Distribution Volumes
2.7.1. Kinetic analysis-11 C-MDL100907 regional tissue total distribution volumes (V T , mL·cm −3 ) were derived with kinetic modelling using the arterial input function and both a two tissue-compartment model (2-TCM) and a one tissue-compartment model (1-TCM) for comparison. The 2-TCM included the arterial plasma compartment (C P ), the intracerebral free plus nonspecifically bound compartment (nondisplaceable compartment, C ND ), and the specifically bound compartment (C S ). The 1-TCM included the arterial plasma compartment (C P ) and 1 tissue compartment which comprises C ND and C S . V T was defined as the ratio at equilibrium of the total concentration of radioligand in the region (C T ) to the parent radioligand (C P ) in plasma, separated from radiolabelled metabolites (Innis et al., 2007) .
Data were fitted to the solutions of differential equations , and V T was derived via a nonlinear regression using a Levenberg-Marquart least-squares minimization procedure implemented in MATLAB (The math Works, Inc.), and was used for the 1-TCM. For the 2-TCM, a constrained (non-negativity) sequential quadratic programming algorithm (also implemented in MATLAB) was used. Given the unequal sampling over time (increasing frame duration during the scan), the least-squares minimization procedures were weighted by frame duration.
Model
Order and Goodness of Fit-For the 1-TCM and 2-TCM, goodness of fit of models with different levels of complexity were compared using the Akaike Information Criterion (AIC) (Akaike, 1974) and the F test (Carson, 1986; Landaw and DiStefano, 1984) .
Derivation of 5-HT 2A receptor parameters
Derivation of 5-HT 2A receptor parameters was based on the following assumptions: i) because the human cerebellum is virtually devoid of 3 H-and 11 C-labeled MDL100907 specific binding (Hall et al., 2000) , cerebellum V T (V T CER ) was assumed to be representative of equilibrium nondisplaceable binding (V ND ); ii) the nondisplaceable binding did not vary significantly between regions. Two measures of 11 C-MDL100907 equilibrium specific binding (binding potential) were calculated: i. BP P (the ratio at equilibrium of specifically bound radioligand to that of parent radioligand in plasma) was derived as the difference between V T in the ROI and V T CER , the region of reference. The relationship between BP P and 5-HT 2A receptor parameters is given by (Innis et al., 2007) :
where B avail is the regional density of 5-HT 2A receptors available to bind radioligand in vivo (nmol/L) and K D is the in vivo affinity of the tracer for 5-HT 2A receptors.
ii. BP ND (the ratio at equilibrium of specifically bound radioligand to that of nondisplaceable radioligand in tissue) was derived as the ratio of BP P to V T CER .
The relationship between BP ND and 5-HT 2A receptor parameters is given by (Innis et al., 2007) :
where f ND is the free fraction in the nondisplaceable compartment (f ND = f P / V ND ,estimated as f P /V T CER ).
Variability and reliability of outcome measures
Values for V T , BP P and BP ND were evaluated according to 2 criteria: variability and reliability. The test-retest variability (VAR) was calculated as the absolute value of the difference between the test and retest values, divided by the mean of both values. To evaluate the within-subject (WS) variability relative to the between-subject (BS) variability, both WS standard deviation (SD) and BS SD were calculated and expressed as a percentage of the mean value (WS %CV and BS %CV), where CV is the coefficient of variation. The reliability of the measurements was assessed by the intraclass correlation coefficient (ICC), calculated as (Kirk, 1982) :
where BSMSS is the mean sum of squares between subjects and WSMSS is the mean sum of squares within subjects. This coefficient estimates the reliability of the measurement and ranges between -1 (no reliability, that is, WSMSS >> BSMSS) to 1 (maximum reliability, achieved in the case of identity between test and retest, that is, WSMSS = 0).
Stability of outcome measures
Experimental data were collected for 150 minutes. The relationship between V T , BP P and BP ND derivation and the duration of the scan was evaluated by fitting increasingly shorter duration data sets (reduced by 10 minute increments back to the 40-50 minute frame; brain and blood data of equal duration in each data set) and comparing the results to the reference value obtained with the 150 minute data set. For each region and each scan duration the mean ± SD (n = 18) of the results expressed as a percentage of the reference value were calculated to provide an estimate of the bias (mean) or dispersion (SD) induced in the outcome measure by analyzing shorter data sets. The parameter was considered stable relative to scan duration after time t if all results derived from time t to 150 minutes had a mean within 5% of the reference value and a SD that did not exceed 15% of the mean.
Estimated peak occupancy
Estimated peak % occupancy of 5-HT 2A receptors achieved by 11 C-MDL100907 under tracer dose administration was calculated based on scan data from 17 healthy subjects (mean age 34 ± 11 yr; range 18-55; 12M, 7F) and a previously computed K D value (0.1 nM) obtained from in vivo saturation experiments in nonhuman primates using PET in our laboratory. The human scan data were selected based on the high quality of the brain and plasma TACs and to ensure a broad range of injected mass of 11 C-MDL100907 across the scans (mean 4.8 ± 2.4 µg; range 2.2-9.4 µg). Emission data were acquired for 90 min in 15 of the subjects and 150 min in the other two. Regions included in the analyses were DLPFC, OFC and ACC. The K D was set at 0.1 nM. This was estimated from PET data (unpublished) acquired in baboons (Papio anubis) in our laboratory using high-and low-specific activity injections of 11 C-MDL100907 in which the mean K D across cortical regions was 0.1 nM.
The following additional assumptions were made: 1) under equilibrium conditions, free 11 C-MDL100907 concentrations equilibrate on both sides of the blood brain barrier; 2) V T CER represents V ND . From these, the free fraction in the cerebellum (f ND ) is calculated as the ratio of the free fraction of the parent compound in the plasma (f P ) to the cerebellum distribution volume (V ND ).
For each region in each scan, the concentration of freely dissolved, unmetabolized 11 C-MDL100907 in brain tissue was estimated two ways. In the first method, the TAC of specific binding in the region was determined as the difference between the regional TAC and that in the cerebellum, after correction for blood volume contribution to activity. Free plus nonspecifically bound ligand was estimated as the cerebellum value at the time of the peak of the difference curve. Free concentration was determined as the product of the free plus nonspecifically bound concentration with an estimate of brain free fraction (f ND ), determined as the ratio of the plasma free fraction (f P , directly measured) to the cerebellar distribution volume (V ND ). Note that for this method, time resolution is limited by the length of a PET frame (10 min for frames late in the scan). The second approach was based on kinetic modelling: a constrained 2-TCM with arterial input function, a free plus nonspecifically bound compartment (denoted C ND ), a specifically bound compartment (denoted C S ) and blood volume correction was fitted to the PET data. The constraint was that the distribution volume of C ND equal that of the cerebellum. Free ligand at the moment of peak equilibrium was determined by multiplication of the value of C ND at the moment of maximum C S by the same estimate of f ND as above. In this approach time resolution (of the moment of peak binding) is arbitrarily fine.
For each method, peak occupancy was determined from the Michaelis Menten formula, using the estimated free and K D values as
Eq 4
For each region and each method, occupancy was regressed onto the injected mass (µg) of 11 C-MDL 100907, with intercept constrained to zero, yielding 2 estimates of the slope in each of 3 regions (n = 17). The tracer mass limit was determined as the mass associated with 5% occupancy on the regression line.
Relationship between age and 5-HT 2A receptor availability
Data from 25 healthy subjects (mean age 33±10 yr; range 19-55; 16M, 9F) were selected to investigate the relationship between age and 5-HT 2A receptor availability when measured by 11 C-MDL100907. Age was regressed against BP ND for all ROIs using both linear and quadratic (second-order polynomial) regressions to measure whether the quadratic was significantly better than the linear fit. Correlations were measured using Pearson product moment (r) and their significance assessed as p values (1-sided). In addition, correlations between age and VT CER (as a measure of free plus nonspecific binding) and injected mass of MDL100907 were measured with the aim of excluding these as potential confounds in the measurement of the relationship between age and BP ND .
Rapid tryptophan depletion procedure
The RTD paradigm was applied in a double-blind, within-subject, counterbalanced, crossover design, so that over the course of two separate days (3-28 days apart) all subjects were scanned with 11 C-MDL100907 under both tryptophan depleted and control conditions. For females, both study days were in the first 10 days (early-mid follicular phase) of the same or consecutive menstrual cycles. RTD was achieved through a Trp-free (T−) amino acid mixture administered 5-8 hours before PET scanning. The T-mixture comprised 15 amino acids, while the control (T+) mixture consisted of the same amino acids plus Ltryptophan 2.2 g. For both mixtures, males received 104.3 g and females received 83.5 g. On both days, blood samples were taken before drinking the amino acid mixture and approximately 6.5 hr later at the time of PET scanning. These were analyzed for plasma total Trp, free Trp, and the ratio of Trp to other large neutral amino acids (Trp/ΣLNAA) using a liquid chromatographic procedure. Details of the RTD protocol, the composition of both amino acid mixtures, and the amino acid assays, have previously been described (Talbot et al., 2005) . At the same time points, subjective mood was rated using a 100 mm 'Happy-Sad' Visual Analogue Mood Scale (VAMS). Baseline VAMS scores and baseline amino acid concentrations across study days were compared by paired t-test (2-tailed). Changes following treatments were compared by repeated measures (RM) ANOVA, with condition (T+ vs T− drink) as within-subjects factor.
Region of interest (ROI) analysis
BP ND values in 7 cortical regions (ACC, DLPFC, MPFC, OCC, OFC, PAR and TEM) were derived indirectly from ROI V T values using a 2-TCM for ROIs and cerebellum and using V T CER as a measure of V ND as described in Equation 2. In order to compare the results with the voxelwise analysis, right and left ROIs were analyzed separately for each cortical region.
In an additional exploratory analysis, BP ND values were also derived using a basis function implementation of the simplified reference tissue method (BF SRTM) (Gunn et al., 1997; Lammertsma and Hume, 1996) applied without blood volume correction, with the aim of investigating whether between-condition differences in BP ND derived using invasive methodology could also be detected using bloodless methodology likely to have greater clinical applicability.
Data were analysed by RM ANOVA in SPSS version 16.0 (SPSS Inc., Chicago IL), with condition, region and side as within-subject factors. Post-hoc comparison of individual ROIs between conditions was by paired t-test. The effect of RTD on regional BP ND was expressed as percent difference between the control and RTD conditions (ΔBP ND (%) = [(RTD value minus control value) / control value]*100).
Voxelwise analysis
Voxelwise BP ND maps were generated for each scan. First, 1-TCM fits using the arterial input function were performed in the original reconstructed PET space using a basis function (Cunningham and Jones, 1993; Gunn et al., 1997) approach. Parametric images of V T and K 1 were formed. BP ND images were then derived from the V T images according to Equation 2, using the ROI based V T CER (2-TCM) of each scan for the V ND value. In order to perform between-condition statistical comparisons at each voxel, the BP ND images were normalized into a common template space. To accomplish this, the K 1 images were mapped into Montréal Neurological Institute (MNI) space using the nonlinear warping algorithm contained in SPM99 (Ashburner and Friston, 1999; Friston et al., 1995) . The transformation parameters from the K 1 images were then applied to the BP ND images. Spatially normalized BP ND images were then smoothed to approximately twice the FWHM system resolution using an isotropic (10 mm FWHM) Gaussian filter. A threshold was set at 20% of the maximum voxel value in the volume, to exclude subcortical voxels. Differences between mean BP ND in the RTD and control conditions were compared at each voxel by paired t-test. The threshold for statistically significance voxels and clusters was set at p ≤ 0.05, corrected for multiple comparisons across the whole cortex.
RESULTS
Injected dose
The injected dose (555 ± 104 MBq [15.0 ± 2.8 mCi], n = 18), injected mass (5.8 ± 2.1 µg, n = 18) and specific activity (39.1 ± 12.5 GBq/µmol [1058 ± 337 mCi/µmol], n = 18) did not differ between the test and retest conditions (paired t-test, 2-tailed; p = 0.50, 0.11 and 0.16, respectively).
Plasma analysis
Following bolus i.v. injection, plasma total activity peaked rapidly (1.25 ± 0.14 min), decreased moderately slowly to a nadir of 2.24 ± 0.57 Bq per ml per MBq of injected dose (Bq/ml*MBq ID) at 43.5 min, then increased linearly at a rate of 23% per hour (0.52 Bq/ ml*MBq ID*h) to the end of the scan (Figure 1 , Panel A). 11 C-MDL100907 underwent significant metabolism over the duration of the study (Figure 1 , Panel B). Total activity corresponding to the parent compound was as follows (mean ± SD, n=18): 2 min, 94 ± 5%; 16 min, 80 ± 5%; 30 min, 70 ± 7%; 50 min, 59 ± 6%; 70 min, 48 ± 9%. The estimated parent plasma input function (mean of 18 scans) is shown in Figure 1 , Panel C). From approximately 45 min onwards, 11 C-MDL100907 mean plasma parent decreased moderately slowly, with a terminal half-life of 94 min. The initial distribution volume (V bol ) of 11 C-MDL100907 was 16 ± 4 L, and the average parent plasma clearance rate (C L ) was 158 ± 57 L/h. The C L for the test condition was slightly lower than for the retest condition (138 ± 56 vs. 178 ± 54 L/h, p = 0.03). The free fraction of 11 C-MDL100907 in plasma (f P ) was 31.4% ± 4.0% and did not differ between conditions (n = 18, p = 0.79); test/retest variability = 7.7% ± 5.9%, ICC = 0.85.
Brain analysis
Over time, 11 C-MDL100907 activity concentrated in regions with high 5-HT 2A receptor density (neocortex and insula; Figure 2 , Column A). Intermediate levels of activity were seen in several medial temporal lobe structures. Levels were lowest in other subcortical gray matter regions (caudate, putamen, ventral striatum and thalamus), hippocampus, midbrain and cerebellum. However, tracer uptake was readily visible in these regions of low-tonegligible 5-HT 2A receptor density (Figure 2 , Column A), suggesting a relatively high nonspecific binding for 11 C-MDL100907.
In cerebellum, putamen, caudate, thalamus, midbrain, ventral striatum and hippocampus, activity peaked relatively early (16-28 min) and the degree of regional tracer washout, defined as the percentage decrease in regional activity from peak to the end of the scan, was relatively high (32-52%). Activity peaked later in medial temporal lobe structures other than hippocampus (52-70 min), and washout was slower (16-20%). In neocortical regions and insula, peak activity was reached relatively slowly (58-93 min) and washout was low (6-11%). . The general superiority of the 2-TCM across regions and subjects was confirmed by the F-test: mean regional F values were significantly different from unity (i.e. the null hypothesis of no difference in goodness of fit between the 2-TC and 1-TC models; paired ttest, p = 0.0003). For all fits examined (20 regions × 9 subjects × 2 studies = 360 fits), the F test was significant (p ≤ 0.05) in 150, indicating the higher order model (2-TC) provided a better fit for 42% of the datasets. In the 7 negligible and low binding regions (126 fits), the F test was significant in 81 (64%). In all cases, when the F-test indicated a better fit using the 2-TCM (150/360), this was confirmed by the AIC.
1-TC and
Outcome parameters and test-retest characteristics-
The results from 1-TC and 2-TC analyses for 12 (cerebellum and 11 ROIs) of the 20 regions are shown in Table  1 and Table 2 3.4.3. Cerebellum distribution volume-In the cerebellum, the 2-TC model provided a significantly better fit (AIC, p = 0.0002; F test significant in 15 of 18 fits), and identifiability (V T %CV: 1-TCM, 1.19% ± 0.43%; 2-TCM, 0.97% ± 0.38%; p = 0.004). Compared to 2-TC model, V T values derived by 1-TC model were slightly but significantly lower (by 1.6% ± 1.4%; p = 0.001). Nevertheless, values derived from both models were extremely similar and highly correlated (r 2 = 0.99). Test-retest variability was good for both models (1-TCM: 8.5 ± 9.9; 2-TCM: 8.8 ± 9.3) and did not significantly differ between models (p = 0.52).
Reliability for both models was good (ICC: 1-TCM, 0.73; 2-TCM, 0.75).
3.4.4. ROI distribution volumes-Across the 11 tabulated ROIs, V T values derived by 1-TC model were consistently slightly lower compared to 2-TC model, by 0.7% ± 2.3% (RM ANOVA effect of model, p = 0.002). Nevertheless, V T values derived from both models were extremely similar and highly correlated (r 2 = 0.99, p < 0.0001, n = 198). In contrast to the CER, identifiability across regions was slightly but significantly better for the 1-TCM (V T %CV: 1-TCM, 1.63% ± 0.80%; 2-TCM, 1.86% ± 1.09%; RM ANOVA effect of model p < 0.0001). Post hoc regional paired t-tests found this reached significance (p ≤ 0.05) in 7 of the 11 regions: ACC, INS, MPFC, OFC, TEM, ENT and PHG. Test-retest variability across regions was very good for both models (≈6-10%) and was not significantly different between models in any ROI. For both models, reliability was very good (ICC >0.8) or excellent (ICC > 0.9) in all regions.
3.4.5. 5-HT 2A receptor binding potentials-Across the 11 tabulated ROIs, there was no significant difference in BP P values derived by 1-TC and 2-TC models (RM ANOVA effect of model, p = 0.99). Values derived from both models were extremely similar and highly correlated (r 2 = 0.99, p < 0.0001, n = 198). BP P test-retest variability (VAR) was in the range of ~ 7-11% in the majority of regions, and was not significantly different between models in any ROI. However, in contrast to other neocortical regions, VAR in OFC was only moderately good (~15-18%). For both models, reliability of BP P (ICC) was very good or excellent in all regions except OFC. However, in OFC it remained good (> 0.7).
BP ND values ranged between ~ 0.6-1.0 in medial temporal lobe regions and ~ 1.9-2.4 across neocortex and insula. BP ND derived by 1-TC model was consistently slightly higher compared to 2-TC model by 1.5% ± 3.0% (RM ANOVA effect of model, p < 0.0001). Post hoc regional analysis (paired t-tests) showed this reached significance (p ≤ 0.05) in ACC, DLPFC, MPFC, OCC, PAR, TEM and ENT. Nevertheless, values derived from both models were extremely similar and highly correlated (r 2 = 0.99, p < 0.0001, n = 198). BP ND VAR was very good (~ 7-10%) in neocortical regions other than OFC, and moderately good (1 4-20%) in OFC and medial temporal lobe regions. It was not significantly different between models in any ROI. For both models, BP ND was less reliably derived (ICC) than V T or BP P . However, ICC remained good or very good across neocortical regions, and moderate in medial temporal regions.
Stability of outcome measures
The minimal scanning time needed to derive stable outcome measures for each region is presented in Table 3 . When using a 2-TC model, V T values in cerebellum and MTL were stable by the earliest time point measured (50 minutes), and stable in all other regions by 90 minutes. For BP P and BP ND , values were stable by 90 minutes in all regions except OFC and ENT. For OFC, scanning time of 120 minutes was required to achieve stable binding potential values.
Use of a 1-TC model conferred no overall advantage for scan duration. While BP P values reached stability 10-30 minutes earlier in 10 of the 11 ROIs compared to the same values derived by 2-TCM, this advantage was generally not seen for BP ND , and a minimum scan duration of 120 minutes was still required for BP ND to reach stability in OFC.
Validation of cerebellum as region of reference
Injected activity (mean ± SD, 618 ± 40 MBq [16.7 ± 1.08 mCi]), specific activity at time of injection (35.9 ± 12.7 GBq/µmol [970 ± 343 mCi/µmol]), and injected mass of 11 C-MDL100907 (7.0 ± 2.0 µg) did not significantly differ between pre-and post-drug scans. Nor did the drugs significantly affect Cl (183.4 ± 14.7 L/hr) or f ND (32.9% ± 3.3%). In ROIs, cyproheptadine 8 mg resulted in 61.6% ± 6.2% occupancy (range 48.3% -70.0%, n = 11 ROIs) of 5-HT 2A receptors. Risperidone 4 mg resulted in complete (99.0% ± 1.6%; range 95.1% -100%, n = 11 ROIs) occupancy (Figure 2 , Column B). Despite this, there was no change in cerebellar V T (pre-vs post-drug V T , 21.8 ± 1.7 vs 21.7 ± 3.3; p = 0.94, n = 3). These results suggest that the cerebellum lacks significant 11 C-MDL100907 specific binding, and support the use of cerebellum as a suitable ROR for 11 C-MDL100907.
Estimated peak occupancy
Regression of occupancy (%) against injected mass (IM, µg) yielded occupancy = 1.09* IM. Thus, 1 µg of injected mass results in 1.09% occupancy (Figure 3) . On the assumption that receptor occupancy of ≤ 5% is suitable for tracer dose assumptions of the analytical methods and is not expected to produce pharmacological effects, we conclude that in order for 5-HT 2A receptor occupancy to remain ≤ 5%, the maximum injected mass of 11 C-MDL100907 is 4.6 µg (i.e. 5/1.09).
Effects of age
Age was not correlated with V T CER (r 2 = 0.032, df = 23, p = 0.39) or injected mass of MDL100907 (r 2 = 0.006, df = 23, p = 0.70). Within the age range of our group (19 -55 yr), there was a significant age-related decline in BP ND across regions (ANOVA of all ROIs, main effect of age, p<0.0001) with a mean of 14.0 ± 5.0% per decade. Post hoc analysis of individual regions suggested an apparent fronto-occipital gradient in the magnitude of this decline (% per decade, computed from the slope of the linear regression): ACC, 18.8%; MPFC, 20.3%; DLPFC, 16.8%; OFC, 18.2%; INS, 13.5%; PAR, 12.6%; TEM, 9.8%; OCC, 10.4%; MTL, 5.3%. Mean decline in prefrontal regions was 18.5 ± 1.5% per decade. The linear regression of age against BP ND was significant (p ≤ 0.05, 1-sided) in all prefrontal cortical regions (ACC, MPFC, DLPFC, OFC), INS, PAR and MTL; reached trend significance in OCC (p=0.09) and was not significant in TEM (p = 0.14). Figure 5 shows the data for a representative region (MPFC) regressed by linear and quadratic fits. In all regions (except OFC), the quadratic equation did not fit the data significantly better than the linear equation. Only in OFC was the fit improved by the quadratic equation (p-value of the increase in r 2 from the linear to the quadratic fit = 0.041).
3.9. Acute reduction of endogenous 5-HT 3.4.2. Plasma amino acid levels-Subjects' baseline plasma total Trp, free Trp and Trp/ΣLNAA ratio did not significantly differ between the two study days (Table 4) ) were significantly reduced following the T− drink when compared to the T+ drink. In the T− condition, the mean changes in plasma total Trp, free Trp and Trp/ΣLNAA ratio were −77.3 ± 21.4%, −58.8 ± 48.9% and −87.6 ± 16.4% respectively at the time of PET scanning. The corresponding changes in the T+ condition were +22.9 ± 67.1%, +56.2 ± 73.3% and −48.8 ± 13.8% respectively. Although the Trp/ΣLNAA ratio was also reduced in the control (T+) condition, the reduction in the T− condition was significantly greater (p = 0.003).
3.4.3.
Mood-Subjects were euthymic on entry to the study (BDI score = 3.5 ± 4.3). After both amino acid mixtures, subjects experienced a range of modest mood changes (ΔVAMS) over time. On the T+ day, mean ΔVAMS was −2.6 ± 15.1 mm (range −23 to +20 mm). On the T− day, subjects tended to become less happy (ΔVAMS = +16.5 ± 22.5 mm [range 0 to +74 mm]. However, the effect of amino acid mixture on mood did not significantly differ between the T+ and T− conditions (Condition*time interaction: F[1,8] = 3.14; p = 0.12).
Scan parameters-Across
all subjects and both study days, PET scanning started 6.9 ± 1.8 hr post-amino acid mixture in the T+ condition, and 6.8 ± 1.5 hr in the T− condition. Start times did not significantly differ between conditions (paired t-test; p = 0.46). Scan parameters, including injected activity, specific activity, injected mass of tracer, plasma free fraction, plasma clearance and nonspecific distribution volume (V T CER ) did not differ between conditions (Table 4) .
11 C-MDL100907 BP ND
Voxelwise analysis: no regions showed an increase in BP ND under conditions of reduced 5-HT (T− condition), suggesting that 11 C-MDL100907 binding is not susceptible to competition with endogenous 5-HT within the physiological range of altered 5-HT that can safely be investigated in humans. In fact, visual inspection of the mean voxelwise BP ND maps suggested that BP ND may be lower in the T− condition in an extended area of ventral and orbital prefrontal cortex (Figure 4 , left and middle columns). Statistical comparison using SPM99 confirmed that the T− condition was associated with significantly reduced BP ND in two large, right-sided, prefrontal clusters extending from right dorsal and pregenual anterior cingulate areas into right anterior OFC and extending slightly beyond the midline into left anterior OFC (Figure 4 , right hand column). (Table 5) . No ROI showed significantly increased BP ND in the T− condition.
ROI analysis (2-TCM
In no region was there a significant correlation between the changes in mood (ΔΔVAMS) and BP ND (ΔBP ND ) attributable to RTD. Nor did any region show a significant correlation between the depth of tryptophan depletion (as measured by ΔΔTrp/ΣLNAA) and the associated ΔBP ND .
ROI analysis (BF SRTM):
in comparison to 2-TCM-derived values, BP ND derived by BF SRTM was lower (by a mean of 42%), with the ratio SRTM/2-TCM decreasing as BP ND increased (linear regression: BP ND BF SRTM = 0.5*BP ND 2-TCM + 0.17; data not shown). Despite this, the ROI comparison between conditions was qualitatively similar to the comparison using 2-TCM-derived BP ND . The Condition*Side interaction was significant (p=0.03) and the Condition*Region*Side interaction reached strong trend significance (p=0.06). Post-hoc analysis showed significant reductions in right DLPFC and MPFC (as in the 2-TCM-derived comparison), right TEM, and OCC bilaterally, although not in right ACC (see Table 5 ).
DISCUSSION
Our data confirm and extend support for 11 C-MDL100907 as a PET tracer with very favourable properties for quantifying 5-HT 2A receptors in the human brain. In plasma, 11 C-MDL100907 undergoes slow metabolism, with 59 ± 6% of the activity corresponding to the parent compound at 50 min. Our values for parent fractions at increasing time points are very similar to reports from other centres (Hinz et al., 2007) , and we found no evidence for radiolabeled lipophilic metabolites (Hinz et al., 2007; Scott and Heath, 1998) . This would appear to be an advantage of 11 C-MDL100907 over 18 F-altanserin, which requires compensatory methodology to take account of radiolabelled metabolites that cross the BBB (Pinborg et al., 2003) . In brain, activity uptake was high in cortical regions; intermediate in medial temporal structures; low in caudate, putamen, ventral striatum, thalamus and hippocampus; and lowest in midbrain and cerebellum, consistent with previous reports and the known distribution of 5-HT 2A receptors in the non-human primate and human brain. Mean cerebellar V T was 20.8 ± 4.1 mL cm −3 . This is comparable to the value of 18.8 ± 1.8 reported by Hinz et al (2007) . In regions of highest 5-HT 2A receptor density (neocortical regions and insula), peak activity was reached relatively slowly (58-93 min) and washout was low (6-11%), consistent with the need for a minimum scan duration of at least 90 minutes (and 120 min in OFC) to achieve a stable measure of specific binding (see below). Consistent with previous reports in humans and non-human primates (Hinz et al., 2007; Ito et al., 1998; Watabe et al., 2000) , we found that a 2-TCM provided a significantly better fit to the data in areas of negligible (cerebellum, midbrain) and low specific binding. In cortical regions the general superiority of the 2-TCM was also evident but less prominent, and there was no clear superiority of one model over the other in regions of moderate specific binding. For these reasons, and consistent with previous reports (Hinz et al., 2007) , we advocate metabolite-corrected arterial input function with a 2-TCM as the model of choice for all ROIs.
Test-retest data for 11 C-MDL100907 have not been previously published. For the favoured 2-TCM (see Table 2 ), we found that BP P test-retest variability (VAR) was good (~ 7-11%) in the majority of regions, and moderately good in OFC (~18%). Reliability of BP P (ICC) was very good or excellent in all regions except OFC. However, in OFC it remained good (> 0.7). BP ND VAR was very good (~ 7-10%) in neocortical regions other than OFC, and moderately good (~ 15-20%) in OFC and medial temporal lobe regions. BP ND was less reliably derived (ICC) than V T or BP P . However, ICC remained good or very good across neocortical regions, and moderate in medial temporal regions. Reasons for the lower VAR of BP P and BP ND in OFC compared to other neocortical regions may include the fact that it is a relatively small cortical ROI, towards the periphery of the brain and the field of view, and having a relatively long boundary with cold extracerebral tissue, leaving it particularly vulnerable to the effects of errors in coregistration arising from small between-frame head movement during the PET. Because of the poorer VAR in this region, 11 C-MDL100907 can be expected to have lower power and require larger group sizes to reliably measure betweengroup differences in 5-HT 2A receptor availability in OFC compared to other cortical areas.
The scan duration required to reach time-stable outcome measures has not previously been reported for 11 C-MDL100907. Based on the scan durations (up to 93 min) in the initial studies in monkey (Lundkvist et al., 1996) , baboon (Mathis et al., 1996) and humans , subsequent published human PET studies have acquired emission data for 90-95 min (Bhagwagar et al., 2006; Hinz et al., 2007; Meyer et al., 2010; Perani et al., 2008; Rosell et al., 2010) or less (Franceschi et al., 2005; Talvik-Lotfi et al., 2000) post-injection. Preliminary evaluation in our laboratory of a subset of the 150 min test-retest data presented here, and previously reported in abstract (Mawlawi et al., 2001) , suggested that a 90 min scan duration was adequate to derive stable outcome measures and established the duration (90 min) of the majority of scans reported in this paper. However, subsequent evaluation presented in this paper demonstrated that when using the optimum kinetic model (2-TCM) BP P and BP ND values are stable by 90 minutes in all regions except OFC and ENT (see Table 3 ). For OFC, scanning time of 120 minutes was required to achieve stable binding potential values. The requirement for a relatively long scan duration is consistent with the slow peak activity (58-93 min) and low washout (6-11%) found in areas of high 5-HT 2A receptor density (neocortical regions and insula). Given the short half-life of 11 C (20.4 min), this necessarily results in very low count rates in the late stages of the scan. In this respect, the longer half-life of 18 F-altanserin, which has a similar binding profile to MDL100907 (Kristiansen et al., 2005) , can be seen as an advantage over 11 C-MDL100907. On the other hand, unlike 11 C-MDL100907, 18 F-altanserin does not permit repeated scans in the same subject over a short period, and its analysis is complicated by brain-penetrant radiolabelled metabolites (Pinborg et al., 2003) . Recent efforts to identify potential radiotracers combining the high selectivity and in vivo stability of MDL100907 with the superior isotopic properties of an 18 F-label are welcome (Debus et al., 2010; Herth et al., 2009 ).
An ideal region of reference (ROR) is devoid of significant specific binding, and the cerebellum has been used as ROR for 11 C-MDL100907 PET (Bhagwagar et al., 2006; Franceschi et al., 2005; Hinz et al., 2007; Ito et al., 1998; Meyer et al., 2010; Perani et al., 2008; Rosell et al., 2010; Talvik-Lotfi et al., 2000) . However, the validity of this has been questioned since the tracer's first published characterisation in humans when the superiority of a 2-TCM over a 1-TCM in the cerebellum was interpreted by the authors to infer the presence of a specific binding component. More direct evidence for 5-HT 2A receptor gene products (mRNA, protein, binding sites) in the cerebellum at nonnegligible levels has been reported in rat (Cornea-Hebert et al., 1999; Maeshima et al., 1998; Pazos et al., 1985) , Rhesus monkey (Watabe et al., 2000) and humans (Eastwood et al., 2001) . However, it is now recognised that the superiority of a 2-TCM does not necessarily imply the presence of a significant specific binding compartment as model order determination is not always based strictly on the presence or absence of receptors in a region ). Moreover, human PET studies have found no detectable cerebellar binding to 5-HT 2A receptors for 18 F-altanserin (Pinborg et al., 2003) , and no significant change in 11 C-MDL100907 cerebellar V T following 5-HT 2A receptor antagonism by mirtazapine, an antidepressant with subnanomolar affinity for the 5-HT 2A receptor (Hinz et al., 2007) . However, the mean 5-HT 2A receptor occupancy achieved in that study was only 60%, and the authors acknowledged that higher occupancy levels would be required to more definitively validate the cerebellar V T as a measure of free and nonspecific binding. In our current study, we found no significant change in cerebellar V T following a dose of risperidone (4 mg) that resulted in complete (99.0% ± 1.6%) 5-HT 2A receptor blockade across the brain. We would propose that our data provide the most compelling evidence to date for the validity of using the cerebellum as ROR for 11 C-MDL100907 in human studies. They also support the finding of Pinborg et al (2003) that human cerebellar TACs were unchanged following complete displacement of 18 F-altanserin by infusion of the 5-HT 2A antagonist ketanserin. They are also consistent with human post-mortem data (Hall et al., 2000) showing that the cerebellum is virtually devoid of 3 H-MDL100907 binding at all levels (including cerebellar nuclei), that total 3 H-MDL100907 binding is the same as nonspecific binding, and that slight 11 C-MDL100907 labelling in the cerebellum is not displaced by 10 µM ketanserin indicating that binding is primarily nonspecific. Similar nondisplacement in the cerebellum has also been reported for 11 C-MDL100907 in ex vivo rat brain (Mathis et al., 1996) and using PET in the Cynomolgus monkey (Lundkvist et al., 1996) . With the addition of the data from our current study, a consensus of the literature would now support the validity of the cerebellum as ROR for human 11 C-MDL100907 PET.
Cyproheptadine in a dose of 8 mg orally (n=1) was well tolerated and resulted in 61.6% ± 6.2% 5-HT 2A receptor occupancy across ROIs. The only reported subjective side effects were transient and mild sedation and dizziness, most likely attributable to the drug's histamine H 1 receptor antagonism. Risperidone in a dose of 4 mg (n=2) resulted in complete (99.0% ± 1.6%) occupancy, but gave rise to clinically significant orthostatic hypotension and sedation, and mild and transient akathisia, attributable to antagonism at adrenergic α 1 and α 2 , histamine H 1 and dopamine D 2 receptors. These did not prevent the subjects completing the scanning, and fully resolved overnight. However, they were aversive enough for us to limit the cohort to 2 completers. Future studies aiming to achieve saturation occupancy of 5-HT 2A receptors may wish to consider alternative pharmacological methods.
Using high quality data from 3 cortical regions (DLPFC, OFC and ACC) in 17 healthy subjects, we estimate that 1 µg of injected 11 C-MDL100907 results in peak 5-HT 2A receptor occupancy of 1.09%. Thus, in order for 5-HT 2A receptor occupancy to remain at tracer levels (≤ 5%) we advocate a maximum injected mass of 11 C-MDL100907 of 4.6 µg (12.32 nanomoles). Using an average adult weight of 70 kg, this equates to an injected mass of 0.066 µg/kg (0.176 nanomoles/kg). To the best of our knowledge, this is the first report of a mass-occupancy relationship for 11 C-MDL100907. Our methodology relies on a number of assumptions, which we would suggest are valid. First, the assumption that cerebellar V T is an accurate representation of V ND is supported by our validation of the cerebellum as ROR as described above. Second, based on PET saturation experiments in nonhuman primates in our laboratory (unpublished data) we used a K D value of 0.10 nM for 11 C-MDL100907 at the 5-HT 2A receptor. This is lower than the K D of 3 H-MDL100907 reported in rat tissue (0.14-0.56 nM) Lam et al., 2001; Lopez-Gimenez et al., 1997) , as well as in non-human primate (0.16-0.19 nM) and human (0.14-0.19 nM) post-mortem cortical slices (Lopez-Gimenez et al., 1998) . However, as values may vary with species and assay conditions, and in the absence of in vivo human PET measurement, we would propose that our measured value based on 11 C-MDL100907 PET studies in nonhuman primates is as accurate as possible. Nevertheless, the accuracy of the occupancy calculation is determined by the accuracy of our K D assumption. If the true in vivo K D of 11 C-MDL100907 in humans is 0.05, the mass associated with 5% peak occupancy would be 2.47 µg. Conversely, if the true K D is 0.15, the corresponding mass constraint will be 6.7 µg. Our mass-occupancy data would also suggest that the initial monkey and human PET studies from the Karolinska group Lundkvist et al., 1996) achieved significantly higher than tracer receptor occupancy. Based on the injected dose and specific activity at the time of administration quoted in the papers, the injected mass of 11 C-MDL100907 was approximately 0.12-0.25 µg/kg in the monkeys (Lundkvist et al., 1996) and 6-12 µg total mass in the humans . This was also the case in a study from NIH, Bethesda, Maryland which reported PET studies in Rhesus monkeys with the aim of developing a suitable kinetic analysis method for quantification of 5-HT 2A receptor parameters with 11 C-MDL100907 (Watabe et al., 2000) . This paper confirmed the superiority of a 2-TCM, but also concluded that the mass doses of MDL100907 used in their studies resulted in higher than tracer receptor occupancy and that this had a modest effect on the results. A significant decline of 5-HT 2 or 5-HT 2A receptor availability with age has been shown for over three decades (for example, see Gross-Isseroff et al., 1990) . This decline has been measured and characterised to various degrees with 11 C-N-methylspiperone (Iyo and Yamasaki, 1993; Wong et al., 1984) , N1-([ 11 C]-methyl)-2-Br-LSD (Wong et al., 1987) , 2-123 I-ketanserin (D'Haenen et al., 1992), 18 F-N-methylspiperone (Wang et al., 1995) , 18 Fsetoperone (Blin et al., 1993; Meyer et al., 1999) , 18 F-altanserin Kaye et al., 2001; Meltzer et al., 1998; Rosier et al., 1996; Sheline et al., 2002) and 123 I-5I-R91150 (Baeken et al., 1998; Versijpt et al., 2003) . Using 11 C-MDL100907, a prominent age-related decrease has been observed previously in monkey (Kakiuchi et al., 2000) , while in humans significant negative correlations between age and BP ND in cortical regions have been reported (Bhagwagar et al., 2006; Rosell et al., 2010) though not fully characterised. We found a mean age-related decline in BP ND of 14.0% per decade across all regions and 18.5% in prefrontal regions in healthy subjects between the ages of 19 and 55 yr. This is higher than earlier reports in a similar age range using less selective PET tracers (Wang et al., 1995; Wong et al., 1987; Wong et al., 1984) and the SPECT tracer 123 I-5I-R91150 (Baeken et al., 1998; Versijpt et al., 2003) , and much lower than an early report using 18 Faltanserin (Rosier et al., 1996) . However, it is in good agreement with an 18 F-setoperone study (Blin et al., 1993) and more recent 18 F-altanserin studies Kaye et al., 2001; Sheline et al., 2002) that show declines of ~13-20% per decade between young adulthood and midlife. Our data also support previous reports that age-related decline is greater in frontal than occipital cortex Wang et al., 1995) , and that the slowest rate of decline is in MTL (Sheline et al., 2002; Versijpt et al., 2003) . We found no effect of age on 11 C-MDL100907 V ND (as measured by V T CER ), confirming a previous report (Bhagwagar et al., 2006) . Based on earlier reports that the relationship between age and 5-HT 2A receptor availability may be altered in patient groups (D'Haenen et al., 1992; Kaye et al., 2001) , we limited our analysis to healthy subjects. Subsequent reports in clinical disorders (Bhagwagar et al., 2006; Kaye et al., 2001; Rosell et al., 2010; Versijpt et al., 2003) endorse this initial decision. Several studies have shown that the age-related decline in healthy subjects is most pronounced in younger people, slows after mid-life, and that 5-HT 2A receptor availability stabilizes or even slightly increases in later life (Blin et al., 1993; Gross-Isseroff et al., 1990; Marner et al., 2009; Sheline et al., 2002; Versijpt et al., 2003) , such that the lifetime decline is better described by a quadratic (second-order polynomial) than a linear regression in most regions (Blin et al., 1993; Sheline et al., 2002) . Our finding that in all regions (except OFC) the quadratic equation did not fit the data significantly better than the linear equation supports previous findings that 5-HT 2A receptor availability declines fairly linearly to midlife. It also demonstrates that 11 C-MDL100907 has good sensitivity to detect the relationship between age and 5-HT 2A receptor availability in human brain and supports the need for close matching or control for age when using 11 C-MDL100907 BP ND for group comparisons or correlational analyses in clinical studies (Bhagwagar et al., 2006; Perani et al., 2008; Rosell et al., 2010) .
Using the dietary technique of rapid tryptophan depletion to reduce synaptic 5-HT we compared 11 C-MDL100907 BP ND under conditions of reduced synaptic 5-HT and a control condition, with the hypothesis that if tracer binding was susceptible to competition with endogenous 5-HT an increase in regional BP ND would be observed during reduced 5-HT. No regions showed an increase in BP ND , either on ROI or voxelwise analysis, suggesting that 11 C-MDL100907 binding is not susceptible to competition with endogenous 5-HT within the physiological range of altered 5-HT that can safely be achieved in humans. This is in agreement with in vitro and small animal PET data showing that 11 C-MDL100907 binding is only displaceable by unphysiologically high levels of 5-HT (Hirani et al., 2003; Kristiansen et al., 2005) , and is similar to 18 F-altanserin's insensitivity to physiologically relevant alterations in 5-HT (Kristiansen et al., 2005; Pinborg et al., 2004) . It is unlikely that our negative finding is due to a lack of effect of RTD in reducing synaptic 5-HT. The same RTD protocol has previously been shown to have significant effects on brain function . Rather, the lack of competitive effect on 11 C-MDL100907 binding may be due to the very low baseline 5-HT 2A receptor occupancy by synaptic 5-HT that may be extrapolated from the literature, combined with the limited reduction in 5-HT expected from RTD. In vitro experiments report that human 5-HT 2A receptors in the agonist high-affinity state bind 5-HT with a K D of 1.3 nM (Sleight et al., 1996) , that only a minority of receptors (in the range 13-45%, across studies) are configured for high-affinity agonist binding and that 5-HT has up to two orders of magnitude lower affinity for the remaining receptors (Fitzgerald et al., 1999; Gray et al., 2003; Hazelwood and Sanders-Bush, 2004; Sleight et al., 1996) . In vivo microdialysis experiments in awake non-human primates report baseline extracellular 5-HT concentrations in cortex of approximately 0.2 nM (Bradberry and Rubino, 2004; Smith et al., 2000) . Notwithstanding the uncertainties associated with extrapolating from in vitro and animal data, substitution of the above values into the following equation:
Eq 5 where [5-HT] is 5-HT concentration at the receptor, and R high represents the proportion of 5-HT 2A receptors available to bind 5-HT in vivo (i.e. configured in the agonist high-affinity state), suggests that baseline 5-HT 2A receptor occupancy by 5-HT may only be in the range of approximately 2-6%. Thus, even if RTD were to cause a reduction in 5-HT synthesis of up to 90% (as suggested by Nishizawa et al., 1997) , and this were to be reflected in a comparable reduction in 5-HT release, only another ~1-5% of receptors would become available for 11 C-MDL100907 binding. Given that 11 C-MDL100907, as an antagonist tracer, will bind to 5-HT 2A receptors in both high-and low-affinity states, such a change in signal may be difficult to detect with a realistic sample size. Based on these conclusions, the development of agonist radiotracers for the 5-HT 2A receptor such as 11 C-CIMBI-5 (Ettrup et al., 2010) , which bind preferentially to the agonist high-affinity state thereby offering increased sensitivity to endogenous competition by 5-HT, coupled with paradigms producing changes in extracellular 5-HT of greater magnitude such as acute challenge with citalopram (2-to 6-fold increase) or fenfluramine (10-to 25-fold increase), perhaps offer the best chance for measuring changes in synaptic 5-HT levels at the 5-HT 2A receptor. Nevertheless, given the degree of extrapolation and assumption inherent in the estimation of baseline 5-HT occupancy above, we would maintain that the RTD experiment was worth doing. Moreover, we can now conclude with confidence that 11 C-MDL100907 may be used to measure differences in 5-HT 2A receptor availability between populations and conditions without the need to consider concomitant changes in neurotransmitter concentration.
Conversely, we found that RTD induced a paradoxical and lateralized decrease in BP ND in right prefrontal cortex, taking in parts of ACC, DLPFC, MED and OFC. Although this was unexpected, we report it as it was found on both the ROI and voxelwise comparisons, and survived corrections for multiple comparisons across the whole cortex. Moreover, it is consistent with the only other PET study investigating the effects of RTD on brain 5-HT 2 or 5-HT 2A receptor availability of which we are aware (Yatham et al., 2001) . In that study, using 18 F-setoperone, a significant widespread reduction in 5-HT 2 BP was observed following RTD in healthy females. The authors hypothesised that this was most likely due to a rapid reduction in synaptic receptor density, and that this downregulation under conditions of acutely reduced 5-HT may be a normal mechanism preventing an acute deterioration of mood. In our study we found a similar reduction, but localised to right prefrontal regions, and it may be relevant that these are closely associated with the regulation of affect. Any explanation of mechanism must remain conjectural. However, 5-HT 2A antagonists including clozapine and MDL100907 have been reported to induce internalization of 5-HT 2A receptors in vitro (Willins et al., 1999) , suggesting that our finding may represent internalisation secondary to an acute reduction of receptor agonism by 5-HT or a direct antagonist effect of MDL100907. Our mass-occupancy finding (see above), strongly suggesting that peak 5-HT 2A receptor occupancy by 11 C-MDL100907 was below 5% during our scans, may make the former explanation more likely. If valid, our finding of a localised rather than generalised reduction in BP ND may suggest that females (all subjects were female in the Yatham study) are more sensitive to this effect of RTD than males (7 of the 10 subjects in our study were male), consistent with a well-established association between serotonergic vulnerability and female gender (Jans et al., 2007) . However, the validity of receptor internalisation as an explanation for reduced BP ND would presumably require 11 C-MDL100907 to be able to differentially label externalised over internalised receptors, a property that we are not aware has been established.
In relation to other potential explanations, given the unilateral and peripheral location of the findings, we considered the possibility that they may be an artefact of inaccuracies of spatial normalisation or coregistration. By introducing deliberate 1 mm misregistrations in the x, y, and z directions in a subset of our data, and measuring the effect on regional V T , BP P and BP ND across cortical regions, we demonstrated that misregistration was a source of noise but not of bias (data not shown). Given the location of the OFC (as described above), we felt this was a potential source of the relatively poorer OFC test-retest variability compared to other cortical regions and the resultant modest loss of power in this region. However, it provided no support for the idea that small errors in normalization or registration are a likely cause of a systematic and localized bias necessary to explain the RTD findings.
Although we advocate 2-TCM with a metabolite-corrected arterial input function as the model of choice, our limited investigation of non-invasive reference tissue methods suggests that BF SRTM, while not in perfect agreement with 2-TCM as previously reported (Meyer et al., 2010) , may be both useful and accurate for measuring between-group or betweencondition differences in 5-HT 2A receptor availability with 11 C-MDL100907. Using this method, the pattern of lateralised significant changes in BP ND detected secondary to RTD was similar to that using metabolite-corrected arterial input function and 2-TC kinetic modelling. If anything, the right-sided reduction was somewhat more generalized with BF SRTM (significant Condition*Side interaction, and significant additional findings in OCC and TEM, although reduction was not found in right ACC). As the need for invasive methods generally prevents widespread clinical utility or patient acceptability, further investigation of the sensitivity and accuracy of BF SRTM and other non-invasive methods to detect group differences is certainly warranted, preferably with better defined and reliable differences than available in this exploratory analysis.
Conclusions
Our data represent the most comprehensive characterisation to date of the most selective 5-HT 2A receptor PET tracer, and confirm and extend support for 11 C-MDL100907 as a PET tracer with very favourable imaging properties in the human brain. Scan duration of 90 minutes is adequate to achieve stable outcome measures in all cortical regions except OFC, and reproducibility is very good in neocortical regions other than OFC and MTL, where it remains moderately good. The cerebellum may be used as a reference region devoid of specific binding for the purposes of PET, and the tracer has good sensitivity to detect the relationship between age and 5-HT 2A receptor availability. Specific binding is not vulnerable to competition with endogenous 5-HT in humans, allowing 11 C-MDL100907 to be used to measure differences in 5-HT 2A receptor availability between populations and conditions without the need to consider concomitant changes in neurotransmitter concentration. For non-invasive derivation of BP ND , BF SRTM may be suitable for measuring between-group differences in 5-HT 2A receptor availability and warrants further investigation. This work was supported in part by the Seaver Foundation, the Lieber Center for Schizophrenia Research, and a grant from the National Institute for Drug Abuse (R01DA015806). The funding bodies had no role in the study design; data collection, analysis and interpretation; manuscript writing; or in the decision to submit the paper for publication. Panel A: plasma total activity; mean of 18 measurements in 9 subjects; error bars are SD. Panel B: fraction of unmetabolized parent compound in arterial plasma; mean of 18 measurements in 9 subjects; error bars are SD. Panel C: unmetabolized parent concentration in plasma following injection of 518 MBq (14.0 mCi) in a representative human subject. Points are measured values, fitted to a three exponential function. Coronal (top), sagittal (middle) and transverse (bottom) coregistered PET images acquired from 50 to 90 min following injection of 11 C-MDL100907 in a representative 31-year-old healthy male volunteer. Column A: baseline condition shows widespread 11 C-MDL100907 activity concentration throughout cortical regions. In contrast, low levels of activity are seen in subcortical regions, with lowest levels in midbrain and cerebellum. Column B: following 5-HT 2A receptor blockade by risperidone 4 mg orally, uptake is homogeneously low throughout the brain, and cortical and cerebellar (region of reference) levels are visually indistinguishable. The PET images in columns A and B are normalized to their respective injected doses of activity (651 and 655 MBq [17.6 and 17.7 mCi] , respectively) and displayed with the same intensity range. Column C: coregistered MRI images of same subject. Relationship between injected mass of 11 C-MDL100907 (IM; x axis, µg) and 5-HT 2A receptor occupancy at peak specific binding (y axis, percent) in human volunteers (n = 17 experiments). Linear regression yielded occupancy (%) = 1.09*IM (µg), r 2 = 0.80, p < 0.0001. Voxelwise maps of mean BP ND under control conditions (left) and after 5-HT has been reduced by rapid tryptophan depletion (RTD; middle) in the same healthy subjects (n=10), superimposed on structural MRI. RTD is associated with reduced BP ND in an extended area of ventromedial prefrontal cortex (A-C). Statistically significant clusters (right column; SPM99, p<0.05, corrected) extend from right dorsal and pregenual anterior cingulate into right anterior orbitofrontal cortex (OFC), with some extension into left anterior OFC. Decline in 11 C-MDL100907 BP ND with increasing age in a representative cortical region (medial prefrontal cortex). The regression is highly significant with a linear fit (line L), and is not significantly improved by a quadratic fit (curve Q). Table 1 Reproducibility of 11 C-MDL100907 total volume of distribution (V T , mL/cm 3 ), binding potential normalised to total parent radioligand concentration in plasma (BP P , mL/cm 3 ) and binding potential normalised to nondisplaceable radioligand in tissue (BP ND , unitless) derived via 1-TC kinetic model Values are mean of 9 subjects with each value measured twice; BS=between subjects; WS=within subject; SD=standard deviation; %CV=coefficient of variation; VAR=test/retest variability; ICC=intraclass correlation coefficient Table 2 Reproducibility of Scan parameters and plasma amino acid concentrations in T+ and T− conditions Table 5 Regional 5-HT 2A receptor availability in control and RTD conditions 
